ABSTRAGT Arsenate competes with phosphate for transport into the yeast cell. The affinity of the two substances for the transport system is about equal, but in mixtures the phosphate is taken up about twice as fast as arsenate, because the maximal transport rate for phosphate is about twice as high. In addition to the competitive effect, arsenate causes a continuous and irreversible inactivation of the transport system that can be characterized by first order kinetics. The rate of arsenate inactivation is slower in the presence of phosphate and the amount of arsenate taken up before complete block is established is also decreased. The inactivation of the transport system cannot be relieved by washing or by treatment with glucose and phosphate. The inactivation is not the result of an inhibition of metabolism.
The effects of arsenate on biological systems are usually attributed to interference with phosphate metabolism. For example, arsenate competes with inorganic orthophosphate for esterification by specific enzyme systems such as glyceraldehyde dehydrogenase (1) and phosphorylase (2) . Inhibition of phosphorylation has also been proposed to account for the action of arsenate as an uncoupling agent in mitochondrial systems (3, 4) , bacterial extracts (5), its blocking action on carbohydrate and nitrogen assimilation in yeast (6) , its inhibition of adaptive enzyme formation and breakdown in yeast (7) , and some of its effects on metabolism and phosphate turnover in the intact yeast cell (8) , and in arsenate-resistant mutants (9) .
In addition to its interference with phosphorylation in metabolic reactions, arsenate exerts a blocking action on certain transport systems in the cell membrane. For example, arsenate probably reduces the exchange of psi. labeled phosphate into the inorganic phosphate fraction of yeast ceils by blocking transport into the cell (10) . A more recent study (11) has demonstrated that arsenate inhibits the active transport of phosphate and of M n ++ (or Mg ÷+) into yeast, with a reduction in both the rate of uptake, and in the xo75
The Journal of General Physiology ~o7 6 6 3 maximal amount of uptake over prolonged periods of time. Another phenomenon suggesting an action of arsenate on membrane transport is the observation that nucleotides are released from irradiated E. coli, only if substrate and inorganic phosphate are present in the medium, with the release inhibited by arsenate (12) .
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In order to inhibit metabolic reactions within the cell, arsenate must pass through the cell membrane, but the nature of the penetrating mechanism has not been evaluated. Because arsenate blocks the transport of phosphate through the cell membrane, and because phosphate in turn, can prevent some of the inhibitory effects of arsenate on cellular activities, it seems likely that arsenate and phosphate utilize a common mechanism of penetration. It is the purpose of the present paper to investigate in detail the mechanisms by which arsenate penetrates into the yeast cell and the interrelationships between phosphate and arsenate penetration.
M E T H O D S
Fresh bakers' yeast (Standard Brands, Inc.) was thoroughly washed, starved for several hours by aeration in water, and then suspended at a concentration of 100 mg/ml in a metabolically inert buffer containing tartaric acid, and succinic acids (0.015 M each), neutralized to pH 4.5 with triethylamine (13) . Ten minutes before zero time, glucose (0.2 M) and KC1 (0.01 M) were added. At zero time, the tracer phosphate (as p32) or arsenate (as As74), or both, were added with appropriate concentrations of KH2PO4 or KH2AsO4. The uptake of isotope or of chemically determined phosphate or arsenate was measured by counting or analyzing the medium after separation of the yeast ceils by centrifugation.
The cells were pretreated for 10 minutes with 0.01 M KC1 and glucose in order to "load" the cells with K +. Such pretreated ceils have a greatly enhanced capacity to take up phosphate and they show no initial lag period (14) .
In a previous study (15) it was demonstrated that the uptake of phosphate was the same measured by disappearance of psi, or of chemically determined phosphate (exchanges of phosphate between the cell and medium are minimal). This finding was confirmed for phosphate and found to be true for arsenate as well, during the 1st hour, by carrying out both kinds of analyses in several experiments. The data presented in this paper are those based on isotope determinations.
The p32 and As 74 samples were counted in aqueous solutions in flat bottomed planchets, with a thin-window Geiger tube. Counts were sufficiently high that counting errors were less than 2 per cent. In most experiments only one of the two isotopes was used. If both isotopes were to be measured, parallel experiments were set up, one containing labeled phosphate and unlabeled arsenate, and the other containing labeled arsenate and unlabeled phosphate.
Chemical estimates of phosphate or of arsenate were carried out by the Fiske and SubbaRow procedure, modified by the addition of 15 per cent alcohol prior to color development (15) . The concentration of yeast cells was estimated turbidometrically with calibration based on volume determinations in calibrated centrifuge tubes.
In the absence of substrate, no measurable uptake of either phosphate or of arsenate occurred within a half hour period, but after the addition of glucose, the cells rapidly absorbed phosphate or arsenate and in either case the absorbed ion was not immediately exchangeable with "cold" phosphate or arsenate added to the medium.
The kinetic pattern of absorption of the two ions (primarily H2PO~ or H~AsO~ at pH 4.5) is quite different. In the case of phosphate, the uptakO proceeded at a linear rate until much of the phosphate had disappeared from the medium, or for at least an hour with the highest concentration (5 X 10 .3 M) ( Fig. 1) . In all concentrations but the highest, virtually all of the available phosphate was absorbed within an hour. Confirming a previous study (15) , the rate of uptake as a function of phosphate concentration follows a typical "saturation" curve that can be fitted by the Michaelis-Menten equation. The constants for the curve, determined from a reciprocal plot of the data of Fig. 1 , are 54 mmole/kg/hr, for V,, (maximal rate) and 4.7 × 10 -4 M for Krn (Michaelis constant).
In the case of arsenate, the uptake proceeded at a rapid rate initially, but slowed down continuously, and virtually ceased by 40 minutes, even though large quantities of arsenate were still left in the medium (Fig. 2) . The cells were unable to absorb all of the added arsenate, even at the lowest concentration used (1 X 10 -4 M). The amounts of arsenate absorbed before uptake ceased depended on the concentration, ranging from 0.76 mmole/kg for the lowest (1 X 10 .4 ~) to 1.8 mmole/kg for the highest (3 X 10 .3 M). Thus the
slowing down was not associated with a particular amount of arsenate absorbed. When arsenate and phosphate were present together, the rate of uptake of each was reduced, but the patterns of inhibition with respect to time were different. The inhibitory action of arsenate on phosphate uptake is demonstrated in Fig. 3 . With increasing concentrations of arsenate, not only was the initial rate of phosphate uptake proportionately reduced, but the uptake as a function of time deviated to an increasing degree from linearity. Indeed, with higher concentrations of arsenate the uptake virtually ceased by 40 to 60 minutes, although sufficient phosphate remained in the medium to maintain a high rate of uptake in the control. The inhibitory action of phosphate on arsenate uptake is demonstrated in Fig. 4 . The initial rate of uptake was reduced to an extent that depended on the phosphate concentration, but in contrast to the arsenate inhibition, the data become more linear with respect to time, with increasing concentrations of phosphate. The relationship between phosphate uptake and arsenate uptake when both are present, was determined more precisely in a double isotope experiment in which the arsenate concentration was constant (3 X 10 -4 M) and the phosphate concentration was varied (Fig. 5) . The patterns of uptake of the two ions, as a function of time, were remarkably similar. That is, with low phosphate, the rate of uptake of each ion diminished rapidly with respect to time, whereas with high phosphate the uptake of both ions was almost linear with respect to time. The similarities of the two patterns suggest that a constant relationship exists between phosphate and arsenate uptake even though the rates of uptake of both may be changing rapidly with time. That such is the case is demonstrated by Fig. 6 , in which the uptake of arsenate is plotted against the uptake of phosphate for each pair of curves of Fig. 5 . A straight line can be drawn through the data for each phosphate concentration, indicating that the corresponding curves of Fig. 5 are parallel to each other. Furthermore, the ratio of phosphate uptake to arsenate uptake (from the slopes of Fig. 6 ) follows a relatively constant relationship to the ratio of phosphate and arsenate concentrations (Table I) . That is, P uptake P concentration As uptake = K As concentration
where K has an average value of 1.8. These data indicate that in the presence of arsenate the transport capacity for both phosphate and arsenate decreases rapidly with time, but that the two ions compete for whatever transport capacity remains at any given time, with phosphate favored over arsenate by a factor of 1.8 to 1.0. The arsenate concentration was 3 )< 10-4~ in each case.
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Because the capacity of the transport process decreases with time when arsenate is present, direct estimates of kinetics are difficult. It is possible to estimate the initial rates of uptake from the first experimental point (5 minutes), but these data are less reliable because the amounts of phosphate or of arsenate that have disappeared from the medium are small, and because of errors in estimating the exact time at which the ceils are separated from the supernatant (centrifugation takes at least 2 minutes). The initial rates of uptake can be more accurately determined by making use of the fact that the decreasing rate of uptake approximates a first order decay curve.
Co log Co------C = kx t
where Co is the maximum uptake (estimated value), C is the uptake at time, t, and kl is a first order rate constant. By use of this equation, the curves of Fig. 4 can be represented by the straight lines of Fig. 7 . From the values of kl, estimates of the initial rates of uptake can be made, which in turn can be used in determining the inhibition kinetics of phosphate against arsenate and vice versa. The data used for the calculations were those in Fig. 3 (with phosphate as substrate and arsenate as inhibitor) and 
Vx Kz(Km + S)
in which V is the initial rate of uptake without inhibitor, V, is the rate in the presence of inhibitor, (/) is the inhibitor concentration, (S) the substrate concentration, Km the Michaelis constant, and K, the corresponding constant for the inhibitor. The value V/V, is plotted against (/) for each set of data (Fig. 8) . In each case a straight line can be fitted to the data. in each experiment (3 X 10 -4 M for arsenate and 1 X 10 -s M for phosphate).
From the slopes, it can be calculated that the Km (or K~) for arsenate, and for phosphate are almost equal. The data of Figs. 6 and 8 and of Table I indicate that arsenate and phosphate compete for a common transport system, and that in each case the kinetics are in accordance with the Michaelis-Menten postulates. The affinity constant (Km) is about the same for each substance (of the order of 4 X 10 -4 M), but the rate of transport for phosphate is about twice that for arsenate, presumably because the Vm is twice as high (the turnover of the transport system is twice as high when combined with phosphate as it is when combined with arsenate).
In addition to the competition with phosphate for transport, it is clear that arsenate is responsible for a second distinct effect, a continuous reduction in the transport capacity, which develops with first order kinetics, and which is irreversible, even if the arsenate of the medium is replaced by phosphate. In the experiment of Fig. 9 , for example, the arsenate uptake followed the usual curve, leveling off to virtually zero rate of uptake by 40 minutes.
Aliquots of the arsenate-exposed yeast were taken at 5, 10, 20, and 40 minutes, washed three times, and tested for their ability to take up phosphate. In each case, the subsequent uptake of phosphate proceeded at a reduced rate with no sign of recovery during the 40 minutes of the test. The resulting inhibition curve for phosphate, representing a reduced transport capacity, is roughly parallel to the continuously diminishing rate of arsenate uptake. Other attempts to restore the transport capacity by washing the cells with high concentration of phosphate or by exposing the washed ceils to high concentrations of phosphate plus glucose, were unsuccessful.
The development of the irreversible component of arsenate inhibition is not directly related to the total amount of arsenate absorbed. In fact, the T A B L E I I
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T h e arsenate concentration was 3 X 10-4M (Table II) . The chemical nature of the absorbed arsenate is not known, but a large proportion appears to be in the form of non-extractable, non-exchangeable esters. For example, in the experiment of Fig. 9 , samples of the arsenateexposed yeast were taken at 5, 10, 20, and 40 minutes, washed three times with water, and extracted three times with cold (4°C) 10 per cent trichlor-
acetic acid. Between 47 and 59 per cent of the arsenate could be extracted, almost all of it in the first extraction. The non-extractable arsenate, remaining in the cell residues was mixed with high concentrations (1 X i0 -~ M) of cold arsenate, but almost no measurable exchange occurred in a 15 minute period.
D I S C U S S I O N
Arsenate and phosphate compete for a transport system with characteristics that have been described previously (15) . The primary features can be briefly summarized: (a) Michaelis-Menten kinetics are followed by both phosphate and arsenate; (b) in the case of phosphate the transport can proceed against a large chemical gradient; (c) during transport the outward flux is very small (virtually zero for phosphate); (d) glycolytic activity is required; (e) in the case of phosphate, only the monovalent ion, H2PO~-, is transported and it is balanced electrically by the appearance of an equivalent amount of O Hin the medium; 0 t) most of the transported phosphate appears in the cell as non-extractable high molecular weight polymers, whereas approximately half of the transported arsenate is acid-extractable and the other half is non-extractable and non-exchangeable.
The reduction in transport capacity that accompanies arsenate transport has some unusual properties. Although the block develops with first order kinetics, no relationship to the actual amount of arsenate transported was found. In the presence of phosphate, the arsenate block develops more slowly, and less arsenate has been absorbed when the block is fully developed. Thus phosphate delays, but does not prevent the blocking action, nor can phosphate reverse the blocking action once it is established. It is apparent then that no competition exists between phosphate and arsenate with respect to the blocking action.
If it is assumed that the transport of phosphate and of arsenate involves a combination with a "carrier" substance in the membrane (a concept which is compatible with all the properties of the system outlined above), then as arsenate is transported, some fraction of the carrier continuously disappears in an irreversible manner. The exact relationship between the turnover of the carrier in arsenate transport and its rate of inactivation cannot be calculated without knowledge of the amount of carrier. It is wholly unlikely that the fraction is as high as 100 per cent (each carrier molecule that transports arsenate is inactivated) or the uptake of arsenate would always be equal to the amount of carrier. More probably, a small fraction of the carrier system is inactivated with each turnover, a fraction whose size depends on the arsenate and phosphate concentrations of the medium. It is also possible that the inactivation may result from a "feed-back" of transported arsenate into the metabolic reactions that support the transport system. Although arsenate has inhibitory effects on metabolism, these effects do not seem to be in themselves responsible for the inactivation of the transport system. The actions of arsenate on metabolism are complex and will be discussed in detail in a separate publication (Jung and Rothstein). Two of the results germane to the present problem can be summarized. First, the maximal inhibition of fermentation (or respiration) of glucose even with excessively high concentrations of arsenate, is 60 per cent, perhaps due to the fact that the amount of arsenate uptake is self-limited by the development of the block in transport. Yet 40 per cent of the normal rate of metabolism is capable of supporting a high rate of phosphate transport. Second, the inhibition of metabolism can be almost completely reversed by washing the ceils with water, but as pointed out in connection with Fig. 9 , the blocking effect on transport cannot be reversed by washing. The nature of the blocking action in a chemical sense is beyond our knowledge at the present time.
